A numerical simulation is performed to determine the temperature distribution along fully wet fins of different geometric profiles under different relative humidity and surrounding temperature conditions. Four straight fin profiles are considered in this study: rectangular, triangular, concave parabolic, and convex parabolic. The same base thickness and length are used for consistency. The current work extends equations formulated in previous studies and applies them to the different fins to characterize their temperature distributions. The impact of the variation in the operating conditions on the fin tips and temperature distributions along the fin profiles is investigated. The simulation results confirm that increasing the surrounding temperature and relative humidity levels increases the temperature along the fins for all profiles. In addition, parametric studies indicate that the assumption of fully wet fins may be violated depending on the operating conditions. This is an important deviation from previous works that may have not considered the fully wet fin assumption.
Introduction
Fins are commonly used in heat transfer applications to increase the rate of heat transfer by enlarging the exposed surface area (Siddique et al., 2010; Goodarzian et al., 2011) . If the temperature of the fins is below the dew point, the heat transferred to the fins results in the condensation of water vapor on their surfaces, dehumidifying the surrounding air in the process. During condensation, heat and mass transfer takes place at the surface of the fins. Depending on the psychrometric conditions under which fins are employed, the fins can be dry, partially wet, or fully wet. If the fin base temperature is above the dew point of air, no condensation takes place and the fin is considered dry. However, if the fin base temperature is below the dew point but its tip temperature is higher, condensation takes place on only a part of the fin and the fin is considered partially wet. This occurs because the fin surface temperature exceeds the dew point at a certain distance from the base, after which condensation ceases. Beyond that point, the fin will be dry. A fin is fully wet if the temperature of its entire surface is below the dew point.
Condensation relies on the latent heat of vaporization, the surface tension at the liquid-vapor interface, and the properties of the fluid in each phase (Çengel and Ghajar, 2011) . There are three modes of condensation: film, dropwise, and mixed (Sikarwar, 2013) . In film condensation, a continuous layer of liquid water forms on the surface and moves down due to gravity. Dropwise condensation involves the formation of numerous droplets of different sizes (Çengel and Ghajar, 2011) . Mixed condensation is a combination of the previous two schemes.
Many factors affect the performance of the fins and the quantity of water condensation. These include the geometry, psychrometric conditions, and material of the fins (Coney et al., 1989) . A number of studies pertaining to the impact of these factors on the condensation process have been reported in the literature. Kılıç and Onat (1981) compared convecting rectangular fins with and without condensation and found that the optimum fin length of wet fins is shorter than the optimum fin length of dry fins. They concluded that the fin effectiveness of wet fins is lower and the average fin temperature of wet fins is higher than those of dry fins. Toner et al. (1983) compared the performance of fully wet rectangular and triangular fins. Their results demonstrated that triangular fins have a higher heat transfer rate and effectiveness than their rectangular counterparts with the same mass do. Coney et al. (1989) studied the impact of the thermal resistance of the fin condensate on the heat and mass transfer. Their analysis showed that the condensate thermal resistance can be ignored due to the negligible effect that it has on the heat and mass transfer calculations. Kazeminejad (1995) extended the conventional method of the analysis of a one-dimensional rectangular fin assembly by using the concept of sensible to total heat transfer ratio. His study revealed that the heat transfer rate to a wet fin is considerably higher compared with a dry fin due to the added latent heat transfer. Sensible heat affects the temperature, while latent heat has no effect on the temperature and instead contributes to phase change. Karvinen et al. (1990) included the effect of radiation in their analysis of natural and forced convection on a vertical rectangular plate fin. Their results indicated that the analytical solutions are valid for cases involving forced convection; the results also demonstrated that radiation heat transfer has a significant impact in the case of natural convection. They also stated that the radiation heat transfer can usually be neglected in forced convection calculations. In addition, they made a comparison between the effect of a constant heat transfer coefficient, which is usually assumed in literature, and a non-uniform heat transfer coefficient on the temperature distribution and heat flux, concluding that the difference is quite small. Pirompugd and Wongwises (2013) studied the efficiencies of partially wet longitudinal fins of rectangular, triangular, concave parabolic, and convex parabolic fins and concluded that the conduction heat transfer rate increases with increasing cross-sectional fin area. According to their study, the rectangular fin profile has the highest efficiency, followed by the convex fin, triangular fin, and concave fin, respectively. Sharqawy and Zubair (2008) analyzed the efficiency of straight fins, arranged in various configurations, under the effect of combined heat and mass transfer. They also studied the optimum fin dimensions and addressed the effect of changing atmospheric pressure on the psychrometric properties and fin efficiency; this was not taken into consideration in previous studies on straight fins. In addition, the efficiencies of the four different fin profiles were compared to each other. Bourabaa et al. (2015) considered a numerical approach using one-dimensional finite difference to study the temperature distribution along condensing annular fins of different profiles (rectangular, triangular, concave parabolic, and convex parabolic). The consequences of changing relative humidity were also considered in the study and it was observed that an increase in relative humidity leads to an increase in fin surface temperature. Also, Bourabaa et al. (2015) suggested that the fin tip temperature is not consistently lower than the dew point temperature of moist air. In some studies in literature, the assumption of fully wet fins becomes violated as a result of certain operating conditions (Toner et al., 1983; Sharqawy and Zubair, 2008) .
In the present work, a finite element approach for obtaining the temperature distributions along rectangular, triangular, concave parabolic, and convex parabolic fins is presented, using the surrounding fluid temperature and the humidity ratio as the driving force for heat and mass transfer, respectively. The current study extends the work of Toner et al. (1983) on rectangular and triangular fins and numerically compares the behavior of the four different wet fins. While the established literature addresses the temperature distributions across the four different fully wet fin profiles for varying relative humidity conditions, no detailed work has been done yet to investigate the temperature distributions for varying surrounding temperatures, which is a main focus of this paper. Also, parametric studies are numerically performed to investigate the effects of both the relative humidity and the surrounding fluid temperature on the fin tip temperature. The presented results are directly relevant to the fields of air conditioning, atmospheric water generation, and dehumidification. The visual and numerical results provide designers working in the aforementioned fields with additional information on the condensation and heat transfer occurring along the surface of fins with different profiles under a range of surrounding temperature and relative humidity conditions. This could assist designers in selecting a particular fin profile based on the trends it displays. In addition, finding alternate methods of generating water through dehumidification, such as using thermoelectric cooling and desiccant systems, has become a relevant topic as the threat of water scarcity has been increasing in parts of the world (Kabeel et al., 2014; Milani et al., 2014) . Therefore, providing a scientific basis which can be used for selecting the fin profile that results in the largest quantity of condensate would contribute to the manufacturing of more efficient water generation systems.
The heat and mass transfer analysis proposed by Toner et al. (1983) was adopted for this study. Their formulations are modified in this paper to account for the effect of radiation highlighted by Karvinen et al. (1990) . The analytical solution for the temperature distribution of a fully wet rectangular fin presented in the work of Kılıç and Onat (1981) was only adopted for the verification of the numerical work. Some key observations are made on the effect of relative humidity levels and surrounding temperature on the assumption of fully wet fins.
Problem Statement
The paper focuses on investigating the effects of varying relative humidity levels and surrounding air temperatures on fins with different geometries. The geometries of interest are straight fins of rectangular, triangular, concave parabolic, and convex parabolic profiles as depicted in Figs. 1 and 2. The concave profile curves inward from base to tip, while the convex profile curves outward. The fin tips are assumed to be adiabatic. The fins' thermal conductivity, the convective heat transfer coefficient in the vertical direction, and the fin surface emissivity are assumed to be constant. The heat transfer mechanisms involved are sensible heat due to forced convection, conduction along fin length, radiation, and latent heat.
Geometry
The geometries of the fins are of rectangular, triangular, concave parabolic, and convex parabolic profiles of the same length, as shown in Figs. 1 and 2. In this study, the base thickness of the fins was kept constant contrary to the work of Toner et al. (1983) . The generalized profile function for the longitudinal fins is shown in Equation 1. 
Governing Equations
The one-dimensional heat conduction along the fins and the energy balance on the control volumes can be written using the geometries shown in Figs. 1 and 2 and are presented in Equation 2 and Equation 3, respectively. A number of assumptions were made in order to use the formulations:
 The tips of the fins are insulated. Therefore, the heat transfer at the tips is neglected;
 The change in the properties of air and water vapor are neglected along the fins;  The thermal conductivity, latent heat of vaporization, and fin surface emissivity are invariable along the fins;  The fin is isothermal in the vertical direction; therefore, the heat transfer coefficient is invariable in the streamwise direction;  The fins are fully wet and do not have any parts with a temperature above the dew point;  Water does not freeze on any part of the fin; and  The effect of the condensate thickness on the temperature distribution is negligible.
The conduction along the fin is:
where Q c is the convection heat transfer, Q L is the latent heat transfer and Q r is the radiation heat transfer as given below:
= −
where h is the heat transfer coefficient of a wet fin in W/m 2 · K, p is the variable perimeter of a fin in m, T is the local fin temperature in K, T ∞ is the surrounding air temperature in K, m w is the water vapor flux in kg/m 2 s, which is calculated using Equation 9, h fg * is the modified latent heat of vaporization in J/kg, ɛ is the emissivity of the fin material and σ is the Stefan-Boltzmann constant which has a value of 5.67 × 10 -8 W/m 2 · K 4 , k is the thermal conductivity of the fin in W/m· K, and A is the variable cross-sectional area of the fin in m 2 . In this study, h fg * is used instead of the latent heat of vaporization in order to account for the fact that the liquid is cooled below the saturation temperature (Çengel and Ghajar, 2011) . The relation between these two properties is shown in Equation 8.
where h fg is the latent heat of vaporization at the saturation temperature in J/kg, c pl is the specific heat of the liquid at the film temperature in J/kg· K, T s is the saturation temperature (dew point) obtained from psychrometric charts. In order to simplify the calculations, T r , the reference temperature in K, was used instead of T for Equation 8. This results in a constant latent heat of vaporization across the fin. The amount of condensable water mass flux is calculated using
where h m represents the mass transfer coefficient in m/s, R v represents the ideal gas constant for water vapor in J/kg· K, P v,T ∞ represents the partial pressure of the water vapor in the surrounding air in Pa and P v,T represents the partial pressure of the water vapor on the fin surface in Pa. P v,T is equal to the saturation pressure at the local fin temperature because condensation occurs along the 
where P ∞ is the pressure of the surrounding air in Pa, Φ is the relative humidity, and P s,T ∞ is the saturation pressure at T ∞ in Pa. The constants, 14.317 and 5304, in Equation 10 can be applied for water vapor with a temperature between 0 °C and 50 °C.
The temperature distributions along rectangular, triangular, concave parabolic, and convex parabolic fins are obtained using Equations 12 through 15, respectively. In order to find a relation between the heat and mass transfer coefficients, the Chilton-Colburn analogy was employed. As a result, Equation 16, which is the analogy between heat and mass transfer, was obtained (Çengel and Ghajar, 2011) . , which is one of the empirical formulas developed for D, where T f is the film temperature in K:
For the calculations, T r was set as T 0 following the work of Toner et al. (1983) , which illustrates that this simplification makes the calculations more practical and is applicable within reasonable error. In their study, the error increased with increasing dimensionless fin parameter mL, and a maximum error of 5.1% for mL = 1.0 was obtained between the exact solutions and approximations of the fin effectiveness. mL represents a dimensionless quantity and is the product of the previously-defined fin parameter m and fin length L. The properties of air were evaluated at the film temperature. Kılıç and Onat (1981) used a quazilinearization technique to obtain an analytical solution for the temperature distribution of a fully wet rectangular fin shown in Equation 18. This analytical solution was employed for validation purposes and to justify the simplification of setting T r as T 0 . The wet rectangular fin temperature distribution is given by:
Analytical Model for Wet Rectangular Fins
where R is presented in Equation 19 and m y is presented in Equation 20. 
Since the average fin temperature of a wet fin cannot be used, the average fin temperature of a dry fin, shown in Equation 23, will be used to obtain the temperature distribution of the wet rectangular fin, analytically.
Numerical Methodology and Validation
In the present work, MUMPS (MUltifrontal Massively Parallelsparse direct stationary Solver), integrated in COMSOL MULTIPHYSICS finite element software, was used to solve the differential equations. To validate the proposed numerical method, a plot of the dimensionless fin temperature versus dimensionless distance from the fin base was reproduced for both the analytical and numerical solutions for a rectangular fin profile. For the analytical solution, T r was set as the average dry fin temperature. Due to the fact that the radiation heat transfer was found to have a negligible effect on the results, the effect of radiation was neglected for the rest of the calculations. This action is further supported by the conclusions stated by Karniven et al. (1990) . The graphs were produced for a relative humidity of 50% and an atmospheric pressure of 1 atm. The numerical results were compared with Kılıç and Onat's (1981) findings and are depicted in Fig. 3 . These results were generated for two different temperatures and a dry fin case at an ambient temperature of 25 °C. Comparison of Fig. 3 and Kılıç and Onat's (1981) results shows close agreement in trend and value and that setting the reference temperature as the base temperature is a valid simplification. It is worth mentioning that in all graphs produced, x = 0 refers to the base of the fins and not the tips. This was done in order to ease the process of analysis and comparison. 
Results and Discussion
In this section, the numerical studies are further extended to fully wet fins with different geometric profiles, and the temperature distributions of those fins are presented at different operating conditions. Equations 12 through 15 were numerically solved to obtain the temperature distributions along the rectangular, triangular, concave parabolic, and convex parabolic fins, respectively, under fully wet conditions. The value of mL was selected to be 0.5. This is an arbitrary value that results in fully wet fins. Whether the fin profile is rectangular, triangular, concave, or convex, the local temperature of the fins progressively increases for a specific x as T ∞ increases. Therefore, the total heat transfer rate also progressively increases. However, the local rate of heat transfer decreases with distance from the base as the temperature of the fin gradually increases and approaches the temperature of the surrounding fluid. At the specified relative humidity and surrounding fluid temperatures, the temperature curves do not cross their corresponding dew point lines and the fins remain fully wet. show the dimensionless temperature distributions against dimensionless distance for the different fins at four different levels of relative humidity: Ф = 0%, Ф = 50%, Ф = 70%, and Ф = 90%. The rectangular and triangular results are consistent in trend and value with the work of Toner et al. (1983) . For all fin profiles, the dimensionless temperature curve of the dry fin lies above the temperature curves of the wet fins. It is also noted that the temperature difference between the fin and the surrounding fluid decreases as relative humidity increases. Therefore, at higher relative humidity levels, the total heat transfer rate increases, and the tip reaches higher temperatures, as shown in Table 1 .
The values in Table 1 were generated for mL = 1.3 and T ∞ = 25 °C. This value of mL was chosen because it results in a fin long enough to become partially wet for certain cases. As observed, the tip temperatures of different fins sometimes exceed the dew point at certain relative humidity levels. For instance, at 50% relative humidity, the rectangular and convex fins are fully wet, while the triangular and concave fins are partially wet. The triangular fin becomes fully wet at a relative humidity of 70%. The concave fin requires the highest relative humidity value (above 90%) among all fins to become fully wet. This trend is in accordance with the results presented by Bourabaa et al. (2015) . Likewise, the surrounding fluid temperature was varied, and its effects on dew point and fin tip temperature were observed. The results of this parametric study were generated for mL = 1.3 and Ф = 50% as shown in Table 2 . While increasing the relative humidity seems to have changed the fins from partially wet to fully wet, increasing the temperature does not seem to have such an effect. At T ∞ = 25 °C, 35 °C, and 45 °C, the rectangular and convex fin profiles are fully wet, while the triangular and concave fin profiles are partially wet. Since the fins may not always be fully wet as shown in Tables 1 and 2 , care must be taken when performing calculations on temperature distributions of wet fins; the presented equations do not apply to partially wet fins. Otherwise, the integrity of the solutions may be compromised.
Fig. 12.
Dimensionless temperature distribution versus dimensionless cross-sectional area along triangular and parabolic fins Fig. 12 shows the dimensionless temperature distributions of the triangular, concave parabolic, and convex parabolic fins against the dimensionless cross-sectional area. The figure shows the sensitivity of the temperature profiles to the cross-sectional area of the fins. The rectangular temperature profile is not included because its cross-sectional area is constant. The concave parabolic fin temperature profile seems to have the highest sensitivity towards the cross-section change, while the convex parabolic seems to have the least. This is due to the smaller crosssectional area of the concave parabolic fin, which causes the heat conduction along the fin length to be reduced. The results do not necessarily indicate that the concave parabolic fin has the highest temperature or that the convex parabolic fin has the lowest temperature. Rather, they suggest that for the same cross-sectional area of the fins, which occurs at different x values due to the difference in profiles, the convex parabolic fin has the lowest temperature. Fig. 13 . Dimensionless temperature distributions along all fins Fig. 13 shows the dimensionless temperature distributions against dimensionless distance for the four fins at a surrounding temperature of 25 °C and a relative humidity of 50%. Up to a dimensionless distance of 0.58, the dimensionless temperature distribution curve of the concave parabolic fin is higher than the triangular, convex parabolic, and rectangular fins. On average, the triangular profile has the most uniform temperature. While the rate of local heat transfer at a specific point along the fin gradually decreases for every fin profile, it decreases substantially for the concave parabolic profile after a certain x. Thus, among all fin profiles, the tip temperature of the concave parabolic fin is the highest and the closest to the surrounding fluid temperature.
It is important to note that the numerical simulations were performed at atmospheric pressure. Should the simulations be performed for altitudes significantly different than sea level, the psychrometric properties would change and the results would differ. Theoretically, as the atmospheric pressure increases, the humidity ratio of air increases. Thus, the condensation process on the fin surface increases, thereby enhancing the heat transfer rate due to mass transfer (Sharqawy and Zubair, 2008) .
Conclusion
The temperature distributions of rectangular, triangular, concave parabolic, and convex parabolic fins were numerically simulated at different operating conditions, further exploring the work of Toner et al. (1983) . The dimensionless fin parameter mL was set at a constant value of 0.5 for all simulations that involved generating temperature distribution plots in order to maintain consistency and be able to accurately compare the temperature distributions of the fins. Also, the reference temperature was set as the base temperature and the effect of radiation on the temperature distribution was neglected without substantially affecting the accuracy of the results.
Plots of the dimensionless temperature distributions along the different fins at different surrounding fluid temperatures and relative humidity levels were generated, which is a significant distinction from the likes of Sharqawy and Zubair's (2008) work, which considered a constant surrounding fluid temperature. It can be observed that regardless of the fin profile, both the local temperature at a specific point on a fin and the total heat transfer rate increase as the surrounding fluid temperature increases. Likewise, as the relative humidity levels increases, the condensation and heat transfer rates increase. It is important to note that the parametric studies imply that partially wet fins can experience an increase in heat transfer while having a reduction in condensation. This occurs because, in some cases, latent heat transfer decreases while the total heat transfer increases.
Parametric studies have been numerically performed to investigate the effects of changes in the surrounding fluid temperature and the relative humidity on fin tip temperature. Although all the simulations were performed under the assumption that the fins are fully wet, the results indicate that the tip temperatures of some fins exceed the dew point at some operating conditions, violating the assumption. Increasing the relative humidity levels causes the partially wet fins to become fully wet and rectifies the violation of the fully wet fin assumption. This highlights the importance of being cautious not to violate the assumption of fully wet fins as some studies have done previously. The fins having the concave geometric profile require the highest relative humidity value to become fully wet, while those of the rectangular and convex profiles require the least. Increasing the surrounding fluid temperature did not have a similar effect.
